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In# situ! detection! of! functional! genes! with! single0cell! resolution! is! currently! of! interest! to!34!
microbiologists.! ! Here,! we! developed! a! two0pass! tyramide! signal! amplification!35!
(TSA)fluorescence! in# situ#hybridization! (FISH)! protocol!with!PCR0derived! polynucleotide!36!
probes!for! the!detection!of!single0copy!genes! in!prokaryotic!cells.! ! The!mcrA!gene!and! the!37!
apsA! gene! in!methanogens! and! sulfate0reducing! bacteria,! respectively,!were! targeted.! ! The!38!
protocol! showed! bright! fluorescence!with! a! good! signal0to0noise! ratio! and! achieved! a! high!39!
efficiency! of! detection! (>98%).! ! The! discrimination! threshold!was! approximately! 8289%!40!
sequence! identity.! ! Microorganisms!possessing! the!mcrA#or!apsA#gene! in! anaerobic! sludge!41!
samples!were!successfully!detected!by!two0pass!TSA0FISH!with!polynucleotide!probes.! ! The!42!










































































In# situ! detection! of! functional! genes! is! receiving! considerable! attention! in!51!
microbiology!as!gene! information! is!being!accumulated! to!understand!microbial!physiology!52!
via! metagenomic! and! single0cell! genomic! studies! (Amann! and! Fuchs,! 2008g! Handelsman,!53!
2004g! Ishoey! et! al.,! 2008).! ! However,! low! copy! numbers! of! functional! genes! encoded! on!54!
plasmid! or! chromosomal! DNA!make! these! studies! difficult! (Hoshino! and! Schramm,! 2010g!55!
Moraru! et! al.,! 2010g! Sambrook! and! Russell,! 2001).! ! For! example,! the! detection! limit! of!56!
tyramide! signal! amplification! (TSA)fluorescence! in# situ! hybridization! (FISH)! with!57!
oligonucleotide!probes,!which!is!a!promising!and!sensitive!technique,!is!54!±!7!copies!per!cell!58!




(Moraru! et! al.,! 2010).! ! One! uses! target! nucleic! acid! amplification! (Hodson! et! al.,! 1995g!63!
Hoshino!and!Schramm,!2010g!Kenzaka!et!al.,!2005g!Maruyama!et!al.,!2003g!Maruyama!et!al.,!64!
2005),! and! the! other! group! does! not.! ! The! latter! includes! recognition! of! individual! genes!65!
(RING)0FISH! (Pratscher! et! al.,! 2009g! Zwirglmaier! et! al.,! 2004),! TSA0FISH! (Moraru! et! al.,!66!
2010),! and! two0pass! TSA0FISH! (Kawakami! et! al.,! 2010).! ! RING0FISH! employs! transcript!67!
polynucleotide! probes! and! increases! sensitivity! by! the! formation! of!multiply! labeled! probe!68!
networks!during!hybridization.!However,!control!of!specificity!and!sensitivity!can!be!difficult.! !69!
TSA0FISH! (Moraru! et! al.,! 2010)! and! two0pass! TSA0FISH! (Kawakami! et! al.,! 2010)! have!70!
recently! been! introduced! for! gene! FISH.! ! Signal! amplification! by! TSA! is! based! on! the!71!





































































technique! is! its! low! detection! efficiency! (Kawakami! et! al.,! 2010g! Moraru! et! al.,! 2010).! !75!
Two0pass! TSA0FISH! with! oligonucleotide! probes! showed! only! approximately! 15%! of! the!76!
detection! efficiency,! although! this! technique! is! able! to! distinguish! single0base! mismatches!77!
(Kawakami! et! al.,! 2010).! ! TSA0FISH!with! polynucleotide! probes! showed! higher! detection!78!
efficiency,!but!it!still!only!reached!approximately!40%#(Moraru!et!al.,!2010).! ! Therefore,!the!79!
development! of! a! gene! FISH! technique! with! high! detection! efficiency! is! important! to!80!
accelerate!our!understanding!of!microbiology.!81!
Here,!we!describe! the!development!of! a!protocol! for! single0copy!gene!detection! in!82!
microorganisms!with!a!high!detection!efficiency!(>98%)!using!a!two0pass!TSA!technique!and!83!
polynucleotide! probes.! ! Two! single0copy! genes,! one! encoding! the! alpha! subunit! of! the!84!
methyl0coenzyme!M!reductase! (mcrA)!gene! in! the!methanogen!Methanococcus#maripaludis!85!
and! the! other! encoding! the! alpha! subunit! of! the! adenosine05'0phosphosulfate! kinase! (apsA)!86!
gene! in! the! sulfate0reducing! bacterium!Desulfobulbus# propionicus,! were! selected! as!model!87!
targets! because! the! genes! are! involved! in! the! natural! nutrient! cycles! of! carbon! and! sulfur,!88!
respectively.! ! PCR0derived!polynucleotide!probes!of!different! lengths!were!constructed!and!89!





The! strains! used! in! this! study! were# Methanococcus# maripaludis! (JCM13030),#95!
Methanococcus# vannielii# (JCM13029),! Methanothermococcus# okinawensis# (JCM11175),!96!
Methanoculleus# chikugoensis# (JCM10825),! Desulfobulbus# propionicus! (DSM6523),!97!
Desulfobulbus# elongatus! (DSM2908),! Desulfovibrio# vulgaris! (DSM644),! and! Escherichia!98!



































































respective! culture! collections.! ! E.# coli! was! cultivated! in! Luria0Bertani! medium! at! 37°C.! !100!
Granular! sludge! was! collected! from! mesophilic! upflow! anaerobic! sludge! blanket! (UASB)!101!







of! dinitrophenyl! (DNP)0labeled! dUTP! (DNP0110dUTP).! ! Extracted! DNA! from! Mcc.#109!
maripaludis,#Dsb.#propionicus!or!the!granular!sludge!samples!was!used!as!a!template.! ! Three!110!
different!primer!sets!for!each!gene!were!used!to!generate!probes!of!different!lengths!(Table!1).! !111!
For! application! to! granular! sludge! samples,! the!ME3f/ME2r! pair! for! the!mcrA! gene! or! the!112!
APS7f/APS8r!pair!for!the!apsA!gene!was!used!(Table!1).!113!
PCR!was!performed!with! the! following!PCR!mixture:! 0.025!U/µl!Taq! polymeraseg!114!
















































































TSA0FISH! was! performed! in! accordance! with! previous! reports,! with! some!129!
modifications!(Kawakami!et!al.,!2010g!Kubota!et!al.,!2006g!Kubota!et!al.,!2008g!Pernthaler!and!130!
Amann,!2004).! ! The!samples!were! first!dispersed!by!ultrasonication!and! then!embedded! in!131!
low!melting!point!agarose!in!each!well!of!a!100well!glass!slide!(Matsunami,!Osaka,!Japan),!as!132!
described!elsewhere!(Kubota!et!al.,!2008).! ! Alternatively,!samples!were!first! filtered!onto!a!133!
0.2!µm!polycarbonate! filter,! and! the!cells!were! transferred!onto! slides!by!placing! the! filters!134!





0.3%!Tween!20]! for!10!min!and! then! in!ultra0pure!water! for!1!min!and!dehydrated! in!96%!140!
ethanol!for!1!min.! ! Pure!cultures,!except!for!the!methanogens,!were!treated!with!lysozyme![1!141!
mg/ml!in!10!mM!Tris0HCl!(pH!7.5),!1!mM!EDTA!(pH!8.0)]!at!37°C!for!30!min!(Pernthaler!et!142!
al.! 2002).! ! For! pure!methanogen! cultures,! only!Mb.# bryantii#was! treated!with! recombinant!143!
pseudomurein!endopeptidase!(PeiW),!as!described!elsewhere!(Kubota!et!al.,!2008g!Nakamura!144!
et! al.,! 2006).! ! Granular! samples! were! treated! with! lysozyme! (the! experiments! for! the!145!
detection!of!apsA)!or!PeiW!(the!experiments!for!the!detection!of!mcrA).!146!
The!samples!were!covered!with!20!µl!of!hybridization!buffer!containing!1×!SSC![15!147!
mM!sodium!citrate!plus!150!mM!sodium!chloride!(pH!7.5)],! formamide! [varying!from!0! to!148!






































































0Aldrich,! Steinheim,! Germany),! and! 0.2! mg/ml! sheared! salmon!151!
sperm! DNA! (Ambion,! Austin,! TX).! ! The! formamide! concentration! was! experimentally!152!
determined! for! each! probe! to! achieve! higher! specificity! and! the! maximum! detection! rate.! !153!
The! slides! were! placed! in! a! chamber! humidified! with! 1×! SSC! and! formamide! (the! same!154!
concentrations!as! in! the!hybridization!buffer)!and! incubated!for!30!min!at!46°C.! ! Next,! the!155!
hybridization!buffer!was!replaced!with!20!µl!of!fresh!hybridization!buffer!containing!2.5!ng!of!156!
probe!(125!pg/µl).! ! To!denature! the!probes!and!chromosomes,! the!slides!were! incubated!at!157!
95°C!for!20!min,!and! the!probes!were! then!hybridized!overnight!at!46°C! in! the! humidified!158!
chamber.! ! To!remove!excess!probes,!the!slides!were!immersed!in!washing!buffer!1![1×!SSC!159!
and!formamide!(the!same!concentrations!as!in!the!hybridization!buffer),!pH!7.5]!for!two!times!160!
for!30!min!each!at!48°C!and! in!washing!buffer!2![0.1×!SSC,!0.01%!SDS!(pH!7.5)]! for! two!161!
times!for!15!min!each!at!48°C.!162!
! ! ! ! For!the!immunochemical!reaction,! the!slides!were!first! immersed!in!TNT!buffer!for!10!163!
min! at! room! temperature.! ! After! removing! excess! buffer,! BB! buffer! [1%!blocking! reagent!164!
(Roche),! 1%!BSA! (Sigma!Aldrich)! in! PBS]!was! applied! to! each!well,! and! the! slides!were!165!
incubated! for! 1! h! at! room! temperature.! ! Subsequently,! a!mixture! of! 1! part! anti0DNP0HRP!166!
(PerkinElmer)! and! 100! parts! BB! buffer! was! replaced! with! BB! buffer! in! each! well! and!167!
incubated!for!30!min!at! room!temperature.! ! Two!washes! in!TNT!buffer! for!15!min!each!at!168!
room!temperature!with!mild!agitation!were!carried!out!after!incubation.!169!
! ! ! ! For! tyramide! signal! amplification,! freshly! prepared! tyramide0Cy3!working! solution! [1!170!









































































Two0pass! TSA0FISH! was! performed! based! on! previously! described! protocols!178!
(Kawakami!et!al.,!2010,!Kubota!et!al.,!2006).! ! The!experimental!procedure!prior!to!the!TSA!179!
reaction!was! the! same! as! for! TSA0FISH.! ! However,! the! first! amplification!was! performed!180!
with!tyramide0DNP!(PerkinElmer)!instead!of!tyramide0Cy3.! ! Following!two!washes!in!TNT!181!
buffer! for!15!min!at! 48°C,! a! second! immunochemical! reaction!was!performed!as!described!182!





The! samples! were! counterstained! with! 4,60diamidino020phenylindole! (DAPI)! to!188!
visualize!and!count!the!microbes.! ! For!microscopic!observation!and!digital!photography,!an!189!







! Sequence! identity! among! the! strains! was! calculated! using! the! following! data:!197!
BX950229! (Mcc.# maripaludis),! M16893! (Mcc.# vannielii),! AB353229! (Mtc.# okinawensis),!198!










































































optimized.! ! When! the! ratio! of! DNP0110dUTP! to! dTTP! was! higher,! a! higher! labeling!207!
efficiency,! but! lower! yield,! was! observed! (see! supplementary! Fig.! S1).! ! When! a! higher!208!
concentration! of!Mg2+!was! included! in! the!mixture,! a! higher! yield!was! obtained.!However,!209!









Mcc.#maripaludis!with! a! high! detection! rate! (>98%)! by!TSA0FISH! (Fig.! 1A).! ! Some! cells!219!








































































was! detected! on! the!Dsb.# propionicus! chromosome! using! the! aps0820! probe.! ! Unlike! the!226!
mcrA# gene! in! the!methanogens,!most! of! the! obtained! signals! were! spotty! in! cells,! and! the!227!
detection!rate!was!low!(approximately!20%)!with!TSA0FISH!(Fig.!1C).! ! The!detection!rate!228!
was! significantly! increased! (up! to! more! than! 98%)! with! two0pass! TSA0FISH! (Fig.! 1D).! !229!
Fluorescence!was!detected!from!whole!cells!or!in!halo0like!patterns.! ! As!with!the!mcrA!gene,!230!
shorter! probes! (aps0501! and! aps0135)!were! tested.! ! The! detection! rate! decreased!when! the!231!
aps0501! probe!was! used,! and! a!much! lower! detection! rate! was! obtained!when! the! aps0135!232!
probe!was! used! (Table! 2).! ! A! low! detection! rate! of! the! apsA# gene! in! the! sulfate0reducing!233!
bacterium!was!attributable!to!insufficient!sensitivity!of!TSA0FISH,!not!probe!hybridization,!as!234!
we! were! able! to! achieve! a! high! detection! rate! with! two0pass! TSA0FISH.! ! Moraru! et! al.!235!
(2010)!also!reported!moderate!detection!efficiency!(approximately!40%)!by!TSA0FISH!with!236!
351! bp! polynucleotide! probes.! ! Therefore,! the! use! of! longer! probes! and! a! highly! sensitive!237!
method! like! two0pass! TSA0FISH! is! important! to! achieve! high! detection! efficiency.! ! The!238!
detection! rates! were! decreased! to! less! than! 1%! under! increased! stringent! hybridization!239!
conditions!or!after!DNase! treatment,! indicating! that! the!detection!of!genes!on!chromosomes!240!
was! successful! (data! not! shown).! ! Note! that! nonspecific! signals! from! glass! slides! were!241!
observed! during! the! development! of! the! protocol.! ! These! nonspecific! signals! were!mostly!242!
due! to!nonspecific!binding!of! the! antibody! to! the! glass! surface! and! could!be!minimized!by!243!








































































The! specificity! of! the! technique! was! investigated! using! reference! organisms! and!250!
various!probe!lengths.! ! Three!mcrA!genes!from!Mcc.#vannielii#(approximately!93%!sequence!251!
identity! to! the! generated!probes),#Mtc.# okinawensis# (approximately!82%! identity),! and#Mcl.#252!
chikugoensis# (approximately! 59%! identity)! and! two! apsA! genes! from! Dsb.# elongates!253!
(approximately! 90%! sequence! identity! to! the! generated! probes),! and! Dsv.# vulgaris!254!
(approximately!67%!identity)!were!used!(Table!2).! ! Strains!with!a!sequence!identity!higher!255!
than!90%!could!not!be!discriminated:!the!detection!rates!were!less!than!20%!in!Mcc.#vannielii!256!
but!more! than!50%! in! the!Dsb.# elongatus.! ! Strains!with! a! sequence! identity! less! than!82%!257!
were!successfully!differentiated.! ! This! threshold!seemed!to!be!independent!of!probe!length.! !258!












cell! identification.! ! Furthermore,! two0pass!TSA0FISH!with!oligonucleotide!probes!also! can!271!




































































below).! ! On! the! contrary,! the! specificity! of! polynucleotide! probes! is! lower! than! that! of!274!
oligonucleotide!probes.! ! The!threshold!for!discrimination!was!determined! to!be!between!82!275!
and!89%!in! this!study,!and! it! ranges!from!70%!to!85%!in!other!studies!as!described!above.! !276!
Sequence!identities!among!similar!protein0coding!genes!are!usually!not!very!high![e.g.,!in!the!277!
case!of!the!mcrA!gene,!the!nucleotide!sequence!identity!within!a!genus!is!approximately!89%!278!
(Steinberg! and!Regan,!2008)].! ! Therefore,!when! the!discrimination!of! alleles! is! not! strictly!279!
required,!the!use!of!polynucleotide!probes!is!also!useful!for!gene!detection.!280!
When! focusing! on! detection! efficiency,! a! large! fraction! of! cells! (>98%)! can! be!281!
detected! by! the! protocol! developed! in! this! study,! but! the! detection! efficiency! of! two0pass!282!
TSA0FISH!with!oligonucleotide!probes!is!only!approximately!15%!when!a!single0copy!gene!283!
is!targeted!(Kawakami!et!al.,!2010).! ! By!comparing!these!two!results,!we!conclude!that!probe!284!
length! is! likely! key! for! obtaining! higher! detection! efficiency.! ! The! different! melting!285!
behaviors! between! oligonucleotides! and! polynucleotides! are! likely! the! reason! for! these!286!
differences.! ! The!melting!temperature!(Tm)!of!oligonucleotides!is!the!point!at!which!half!the!287!
oligomers!are!double0stranded,!whereas!the!Tm!of!polynucleotides!is!the!point!at!which!half!288!
of! the! base! pairs! are! dissociated! (Tijssen,! 1993).! ! Therefore,! it! is! likely! that! not! all! target!289!
genes! in! each! single! cell! are! hybridized!with! the! oligonucleotide! probes! under! single0base!290!
mismatchdiscriminable! stringent! conditions.! ! In! contrast,! polynucleotides! still! hybridize!291!
with! target!molecules!under! stringent! conditions.! ! Thus,!higher!detection!efficiency! can!be!292!
achieved!with!polynucleotide!probes.! ! This!theory!also!agrees!with!data!from!other!studies.! !293!
In#situ!rolling!circle!amplification!(RCA)!followed!by!FISH!showed!low!detection!efficiency!294!
(up! to! 15%)! for! single0copy! gene! detection! (Hoshino! and! Schramm,! 2010).! ! In! the! in# situ#295!
RCA! protocol,! hybridization! of! two! short! sequences! in! padlock! probes! is! essential! for!296!
circularization!of!the!probes.! ! The!hybridization!behavior!of!two!short!sequences!in!padlock!297!



































































might! be! low.! ! On! the! contrary,! RING0FISH! employs! multiply! labeled! transcript!299!





An! artificial! mixture! of! morphologically! distinguishable! pure! cultures,! Mcc.#305!
maripaludis# (target!microorganism)!and!E.#coli! (nontarget!microorganism),!was!prepared! to!306!
check! the!specificity!of! the!method.! ! Two0pass!TSA0FISH!with!Mcc.#maripaludistargeted!307!
probes! showed# a! few! nonspecific! signals! with! E.# coli! cells! near!Mcc.# maripaludis! cells!308!
(supplementary!Fig.!S2).! ! We! found! that! these!nonspecific! signals!were!not!observed! from!309!
other!cells,!e.g.,!cell!aggregates!without! target!cells!or!cells!far!from!target!cells.! ! After! the!310!
appropriate! cell! dispersion,! nonspecific! signals! were! significantly! decreased! (<1%).! ! This!311!
result! indicates! that! an! appropriate! cell! dispersion! procedure! should! be! included! in! the!312!
protocol!for!specific!detection!in!environmental!samples.! ! The!specificity!of!the!method!was!313!
further! evaluated! using! a! paraformaldehyde0fixed! granular! sludge! sample! spiked!with!Mcc.#314!
maripaludis! cells.! ! Specific! signals! were! obtained! from! almost! all! morphologically!315!
distinguishable!Mcc.#maripaludislike!cocci!(Fig.!2A),! indicating!that!specific!detection!and!316!
high!detection!efficiency!are!possible!in!complex!microbial!communities.!317!
Gene! FISH! using! our! approach! for! environmental! samples! was! conducted! in! two!318!
different! cases.! ! Two! granular! sludge! samples,! treated! artificial! wastewater! or! industrial!319!
wastewater! containing! sulfate,! were! employed.! ! In! this! study,! DNA! extracted! from! each!320!
sample! was! used! as! a! template! for! probe! generation.! ! The! ME3f/ME2r! (mcrA)! or!321!
APS7f/APS8r! (apsA)! primer! set! was! used! to! generate! probes,! and! the! formamide!322!





































































close! to! Desulfovibrio# in! the! sludge0treated! industrial! wastewater! containing! sulfate!326!
(Supplementary! Tables! 1,! 2).! ! The! PeiW! and! lysozyme! treatments! were! performed! before!327!
hybridizations!to!improve!permeability!(Kubota!et!al.,!2008,!Pernthaler!et!al.,!2002).! ! Strong!328!
signals! from! a! variety! of! cells!were! obtained! after! two0pass! TSA0FISH! (Figs.! 2B,!C).! ! To!329!
validate! our! protocol,! we! counted! cells! detected! by! two0pass! TSA0FISH! and! calculated! a!330!
detection! rate.! ! Then,! we! further! compared! the! detection! rate! with! a! detection! rate!331!
determined! by! rRNA!FISH! because! dual! staining!with! rRNA!FISH! and! gene! FISH! by! the!332!
two0pass!TSA!technique!is!still!in!the!development!stage.! ! The!detection!rate!of!methanogens!333!




rRNA!FISH!with!the!SRB385!probe!was!24.5!±!1.1%.! ! In!both!cases,! two0pass!TSA0FISH!338!
showed! a! lower! detection! rate,! but! this! may! be! due! to! differences! in! the! probe! used! for!339!
detection.! ! For!example,!the!primer!set!used!does!not!cover!some!alleles!of!the!mcrA#gene!in!340!
Methanosaeta,!which! is! one!of!major!methanogens! in! the! sample! (Kubota! et! al.,! 2008)!but!341!
was! not! very! prevalent! in! the! mcrA# gene! clone! library.! ! SRB385! matches! to! the! most!342!
Desulfovibrionales!but!also!other!groups!of!bacteria!(Loy!et!al.,!2007).! ! Selection!of!a!primer!343!
set! for! probe! generation! is! always! an! issue! in! gene! FISH.! ! These! quantification! data!344!
demonstrate! the! applicability! of! this! technique! to! environmental! samples.! ! The! use! of! the!345!
developed! gene! FISH! protocol! in! combination! with! recently! developed!methods! (e.g.,! cell!346!
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two0pass!TSA0FISH!(B!&!D).! ! A!&!B:!a!pure!culture!of!Mcc.#maripaludis.! ! C!&!D:!a!pure!452!
culture!of!Dsb.#propionicus.! ! Photomicrographs!of!phase!contrast!(left)!and!epifluorescence!453!





B:! Detection! of! the!mcrA# gene! in! a! granular! sludge! sample! taken! from! a! UASB! reactor!459!
treating! artificial! wastewater.! ! C:! Detection! of! the! apsA# gene! in! a! granular! sludge! sample!460!
taken! from!a!UASB! reactor! treating! industrial!wastewater! containing! sulfate.! ! Probes!were!461!
generated!from!the!Mcc.#maripaludis#genome!DNA!(A)!or!DNA!extracted!from!each!sample!462!
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